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A new variable distance weighted zero order connectivity index was used for development of structure-
activity relationship for modeling reactivity of OH radical with alkanes and non-conjugated alkenes in
the atmosphere. The proposed model is based on the assumptions that the total reaction rate can be
obtained by summing all partial reaction rates and that all reaction sites are interrelated by inﬂuencing
each other. The results suggest that these assumptions are justiﬁed. The model was compared with the
EPA implemented model in the studied application domain and showed superior prediction capabilities.
Further, optimized values of the weights that were used in our model permit some insight into mech-
anisms that govern the reaction OH þ alkane/alkene. The most important conclusion is that the
branching degree of the forming radical seems to play a major role in site speciﬁc reaction rates. Relative
qualitative structural interpretation is possible, e.g. allylic site is suggested to be much more reactive than
even tertiary sp3 carbon.
Novel modeling software MACI, which was developed in our lab and is now available for research
purposes, was used for calculations. Various variable topological indices that are again starting to be
recognized because of their great potentials in simplicity, fast calculations, very good correlations and
structural information, were implemented in the program.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The reactions of volatile organic compounds (VOCs) of biogenicompe).
Ltd. This is an open access article uand anthropogenic origin play an important role in different at-
mospheric photochemical processes, thereby affecting the con-
centrations of oxidants and aerosols in the troposphere. Although
considerable theoretical and experimental knowledge is already
available for the ozone formation processes, there is little known
about sources and the formation processes of aerosols, and espe-
cially for the ubiquitous secondary organic aerosols (Ziemann andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Structure of 1-pentene (ID 4) with numbered carbons that correspond to
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only near ﬁeld gas phase reactivity, that is, ozone formation close to
the emission sources, they fall short of providing the chemical
speciation necessary for detailed understanding of the gas phase
composition of the aging air parcels as well as to understand the
contributions of the organic intermediates to the formation of the
aerosols. Major advances have already been made towards the
development of more detailed reaction schemes with over several
hundred thousand reactions. Such large reaction chemical schemes
are generated automatically (Aumont et al., 2005). Because of the
very large number of possible reactions it is crucial that the creation
of such schemes is fast and simple. One of the very important tasks
during such mechanism creation is the accurate estimation of
necessary physico-chemical constants among others are reaction
rate constants.
Major degradation pathway of VOCs during the daytime in the
atmosphere is the reaction with hydroxyl radicals. The experi-
mental reaction rate constants are available only for several
hundred VOCs (Atkinson, 1986, 1989, 1994), despite the extensive
direct and indirect measurements which were performed during
the last several years to determine the kinetic parameters. In order
to reduce analysis time and costs of such determinations it is
useful to develop a prediction model to estimate these values
(Gusten, 1999; Meylan and Howard, 2003; Vereecken et al., 2015).
Several QSAR models were developed already for the theoretical
estimation of the reaction rates based on semi-empirical (Li et al.,
2014; Wang et al., 2009) or ab-initio (Chen et al., 2014; Huang
et al., 2012; Vereecken and Francisco, 2012) structural optimiza-
tion and consequent calculation of various structural indices. The
prediction capability of these models is usually very good. How-
ever, due to enormous computational time needed for the calcu-
lation of complete reactions schemes, one can use only very
simple quantitative structure property/activity relationship (QSAR)
prediction models (Gaffney and Levine, 1979; Grosjean and
Williams, 1992; Gusten et al., 1984; Hodson, 1988; Rinke et al.,
1981). Such models can estimate reaction rate constants based
on empirical fragment contribution techniques (Atkinson, 1987,
1988; Darnall et al., 1978; Kwok and Atkinson, 1995; Pfrang
et al., 2007) or they can use some simple mathematical repre-
sentations of the chemical structure, that is, constitutional or to-
pological indices to ﬁnd a quantitative correlation with the
modeled property (Estrada and Matamala, 2007; McGillen et al.,
2006a, 2007, 2006b; Pompe and Randic, 2006; Pompe et al.,
2004). Last but not least, it is crucial that the applied models are
able to estimate not only overall reaction rates but partial reaction
rates on all possible reaction sites in the molecule as well (Peeters
et al., 2007; Vereecken and Peeters, 2001). Therefore one of the
promising possibilities in structure-reactivity modeling is appli-
cation of variable topological indices that satisfy all above
mentioned criteria necessary for the studying such complex at-
mospheric oxidation processes.
The main goal of this paper is to test applicability of a newly
developed variable topological index for the modeling of reaction
rate constants for the reaction of OH radical with the alkanes and
non-conjugated alkenes in the atmosphere. Although the proposed
topological index can be used for general structure-reactivity
modeling, this initial study has focused on rather simple subset of
possible organic compounds (alkanes and non-conjugated alkenes)
since additional goal of this paper was to study partial reaction
rates for OH radical addition vs. abstraction. At same time the
recently developed modeling software MACI (Molecular Activity
Characterization Indices) will be presented, which enables calcu-
lation of various variable topological indices as well as the creation
and validation of the prediction models.2. Calculation of variable topological index
The MACI software allows the calculation of various topological
variable indices, that is, from initial variable connectivity index
(Randic, 1991a,b; Randic and Basak, 2001; Randic and Pompe,
2001) to more sophisticated higher order indices and various dis-
tance connectivity indices (Scavnicar et al., 2013). In this paper, we
model the chemical reactivity of molecules using novel distance
weighted zero order connectivity index. Therefore a detailed
description of the calculation procedure is presented just for this
index. Our starting assumption was that atom-additive molecular
descriptors can give a good prediction of the chemical reactivity of
the molecule, because it is generally accepted that the overall re-
action rate can be calculated from the partial reaction rates from
each individual reaction site (Kwok and Atkinson, 1995). The pro-
posed index makes corrections of the partial reaction rate based on
neighboring atoms where the inﬂuence of individual atoms drops
with the distance from the reaction center. The index is constructed
in general form. The partial reaction rates of individual reaction
center as well as corrections of neighboring atoms can be modiﬁed
during the modeling procedure in order to minimize modeling
error. In order to calculate proposed index the chemical structure is
presented as a graph, where atoms are represented by vertices and
chemical bonds by edges of the graph. The newly proposed mo-
lecular index is based on variable zero order Randic index (Pompe,
2005) where individual atom contributions are corrected by the
inﬂuence of neighboring atoms. The index is calculated from
augmented adjacency A[i,j] and distance D[i,j] matrices and it is
deﬁned as:
0c
f
TD ¼
Xm
i¼1
Xm
j¼1

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l
d
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where di,j are the distances between i-th, and j-th atom, dif are the
degrees of vertices i and l determines the exponential decrease of
the inﬂuences of the neighboring atoms with the distance from the
reaction site.
The assumption of the proposed index is that all atoms are
interrelated and each atom inﬂuences the reactivity of all other
reaction sites in the molecule. So each atom has two roles, one as
the reaction site and one as an atom additive inﬂuence to the
neighboring atoms. This inﬂuence diminishes with the distance
from the reaction site. The differentiation between heteroatoms or
the same atoms with different electronic environments was done
by introducing non-zero weights to the augmented adjacency
matrix. In order to present this procedure reaction rate was
calculated for the 1-pentene, which is shown in Fig. 1.
The index is calculated from hydrogen depleted graph. For the
above mentioned compound, Tables 1A and 1B presents the
augmented adjacency and distance matrices, respectively. The di-
agonal elements in the augmented adjacency matrix are the
optimal weights obtained in this study.
The index is deﬁned as real number. Therefore the calculated
row sum (column RS in Table 1) must be greater than zero in order
to prevent division by zero and square root of negative number.
Each diagonal element can be optimized in the range depending onTable 1.
Table 1
A: Augmented adjacency matrix (simple graph) and B: distance matrix of 1-pentene
(carbon atoms are numbered in accordance to Fig. 1). See Table 4 for optimized
values.
A e Augmented adjacency matrix
Atoms 1 2 3 4 5 RSa Values
1 DP 1 0 0 0 DPþ1 9.911
2 1 DS 1 0 0 DSþ2 3.712  101
3 0 1 A 1 0 Aþ2 2.005
4 0 0 1 S 1 Sþ2 9.654  101
5 0 0 0 1 C Cþ1 1.000  108
B e Distance matrix
Atoms 1 2 3 4 5
1 0 1 2 3 4
2 1 0 1 2 3
3 2 1 0 1 2
4 3 2 1 0 1
5 4 3 2 1 0
a Row sum.
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hydrogen atoms. For instance, the primary carbon atom has topo-
logical valance 1, secondary 2, tertiary 3 and so on. Therefore, the
minimal weight for primary carbon atoms can be 1, for secondary
carbon atoms 2 and so forth. It must be stressed that the same
deﬁnition is valid for any heteroatom as well.
Table 2 presents the calculation of optimized partial and overall
variable distance weighted zero order connectivity index and the
corresponding reaction rate for 1-pentene. The proposed index is
atom additive and each reaction site is inﬂuenced by the neigh-
boring atoms. The inﬂuence is diminished by the distance from the
reaction site. In this respect this index proposes similar structural
dependence as the QSAR model proposed by Atkinson. The main
difference between these concepts is that the proposed index
postulates that all atoms in themolecule are inﬂuencing all reaction
sites and not just the ﬁrst neighbors.
The proposed index is not limited to just hydrocarbons. Any
additional substituent group would be represented in the graph as
a separate vertex and the index would gain additional weight that
needs to be optimized during modeling stage. However, one has to
be careful not to over-ﬁt the datawith toomany variables in regards
to training set and thus produce non-general models. And since
MACI is using Simplex optimization procedure calculation with
high number of variables would become computational intensive.
In such cases the proposed index should be used with other opti-
mization procedures like genetic algorithm.
All calculations were performed using MACI software version
1.0 developed in our laboratory.3. Data set and the validation procedure
The experimental reaction rates were taken from the literatureTable 2
Calculation of zero order distance-connectivity index for 1-pentene (simple graph), whe
Atoms 1 2 3
1 11.6 (DPþ1)0.5 21.6 (DSþ2)0.5 31.6 (Aþ2)0.5
2 21.6 (DPþ1)0.5 11.6 (DSþ2)0.5 21.6 (Aþ2)0.5
3 31.6 (DPþ1)0.5 21.6 (DSþ2)0.5 11.6 (Aþ2)0.5
4 41.6 (DPþ1)0.5 31.6 (DSþ2)0.5 21.6 (Aþ2)0.5
5 51.6 (DPþ1)0.5 41.6 (DSþ2)0.5 31.6 (Aþ2)0.5
kOH ¼ 6:106 5:3351þ 0:741z33:3 ð1012 cm3molecule1s1Þ(Aschmann and Atkinson, 2008; Atkinson and Arey, 2003; EPA,
2012; Nishino et al., 2009). The data set contains experimental
rate constants for the reaction of OH radical with 95 alkanes and
non-conjugated alkenes at 25 C and 101.3 kPa. In case of 2-butene
and 2-pentene, where experimental data for both trans and cis
isomers were available, an average value of both of them was
assigned as a reaction rate.
The prediction capabilities of the ﬁnal model were evaluated
using the leave-one out cross-validation procedure of the whole
modeling procedure, since it was previously shown that the cross-
validation of just ﬁnal models overestimates the prediction capa-
bilities of the same models (Hawkins et al., 2003). Therefore, the
cross-validation procedure included the optimization step. Each
compound was once omitted from the optimization step, that is,
generation of prediction model. Its reaction rate was therefore
estimated from the model obtained from all other compounds in
the data set. The experimental data and cross-validation results,
together with the predicted values from AOPWIN, EPI Suite™ are
presented in Table S1 in the Supplementary material.
The above mentioned validation procedure was implemented
within the MACI software. The applied software enables also leave-
many-out validation, however this procedure needs large data sets
in order to give reliable estimates of prediction capabilities of the
tested model Further, software includes the possibility of external
validation. In current modeling of reaction rates we have used this
option not for validation purposes but for better comparison with
predicted values calculated from AOPWIN, EPI Suite™ (EPA, 2012).
This will be discussed in more detail in the next section.
4. Results and discussion
The results of modeling of reaction rates for 95 alkanes and non-
conjugated alkenes are presented in Table S1. Although other
structural descriptors available in MACI software were tested as
well, the variable distance weighted zero order connectivity index
showed the best prediction capabilities. The search for optimal
parameters that characterize different types of carbon atoms starts
by selecting the random initial values for the weights representing
these atoms. The differentiation was done on sp3 carbon atom, that
is, primary (C), secondary (S), tertiary (T), and quaternary (Q) car-
bon atom as well as the allylic site (A) which is expected to be more
reactive due to resonance stabilization between the forming allylic
radical and the double bond in the transition state (McGillen et al.,
2007; Vereecken and Peeters, 2001). Usually SARs for the predic-
tion of addition processes of OH radicals on (poly)alkenes (e.g.
Atkinson et al. QSAR procedure) were developed so that they
treated the C]C alkene substructure as a single entity. The reason
for this is in p complex through which addition of OH radical on
alkene should proceed, as suggested more than 30 years ago
(Singleton and Cvetanovic, 1976). A major drawback of this is the
lack of information on relative importance of the different reaction
sites within themolecule. In order to predict oxidation products we
often need to know speciﬁc sites of OH reaction. Therefore there carbon atoms are numbered in accordance to Fig. 1. See also Table 1.
4 5 Row sum ¼ partial indices
41.6 (Sþ2)0.5 51.6 (Cþ1)0.5 0.9919
31.6 (Sþ2)0.5 41.6 (Cþ1)0.5 1.9966
21.6 (Sþ2)0.5 31.6 (Cþ1)0.5 1.3360
11.6 (Sþ2)0.5 21.6 (Cþ1)0.5 0.6523
21.6 (Sþ2)0.5 11.6 (Cþ1)0.5 0.3582
Overall index 5.3351
Fig. 3. Cross validated vs. experimental kOH.
Table 3
Comparison of modeling and prediction results of OH reactivity models.
All compounds (N ¼ 95)
RMS rRMS MAE MAPE
MACI 3.805 0.230 2.349 10.084
AOPWIN 9.149 0.133 5.036 10.475
Modelling set (N ¼ 75)
RMS rRMS MAE MAPE
MACI 3.209 0.183 1.974 10.724
AOPWIN 8.646 0.120 3.709 8.955
Prediction set (N ¼ 20)
RMS rRMS MAE MAPE
MACI 4.134 0.058 2.856 4.188
AOPWIN 10.829 0.173 10.010 16.176
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depending if the radical site of sp2 carbon atom after addition is
either primary (DP), secondary (DS), or tertiary (DT). Altogether
eight variables were used for the differentiation between various
carbon atoms in the modeling reaction rates for alkanes and al-
kenes. Afterwards the variables were optimized using the Simplex
optimization algorithm. The optimization parameter was root-
mean-square error (RMS) of simple linear regression model.
Initially, the inﬂuence of neighboring atoms was tested by
optimizing diagonal weights at various spatial inﬂuence expressed
by l. The optimizationwas performed using the whole data set. The
Fig. 2 illustrates the changes of RMS error versus selected l values
at optimal diagonal weights conditions.
The best modeling capabilities were obtained when lwas set to
1.6. The value of the exponent l indicates that the inﬂuence of
neighboring atoms cannot be assigned just to the ﬁrst neighbor but
to the more distant atoms in the molecule as well. The obtained
regression model was:
kOH ¼ 6:106 0c
f
TD þ 0:741
with RMS 3.356, we obtained a regression standard error of 3.392,
slope standard error 0.044 and intercept standard error 0.483. The
leave-one-out cross-validation of the whole modeling procedure
was done in order to get estimate of the prediction capabilities of
the described model. The corresponding RMSCV was 3.805. The
correlation between cross-validation results vs. experimental re-
action rates is presented in Fig. 3.
In order to evaluate model capabilities we have compared our
modeling results with the results obtained from AOPWIN software
created by EPA that uses generally accepted Atkinson et al. QSAR
procedure for the estimation of OH radical reaction rates with
various organic compounds. The comparison was done using the
whole data set (N¼ 95). The evaluatewas done by calculatingmean
absolute errors (MAE), mean absolute percentage errors (MAPE),
relative root mean square errors (rRMS) and RMS using both
models. The results are presented in Table 3. Both measures for the
absolute error, that is, MAE and RMS, aremuch better using variable
distance connectivity model implemented in MACI software than
EPA's AOPWIN model. Both parameters are approximately 50%
lower in case of variable distance connectivity model. The model
obtained with MACI also shows slight but not signiﬁcant better
modeling results if we use estimation of relative error (MAPE) as a
quality criterion. AOPWIN software on the other hand shows
signiﬁcantly better results if the criterion is rRMS error, that is,
approximately 40%, which is again an estimation of relative error.Fig. 2. The inﬂuence of l value on modeling of kOH.However it should be mentioned that not all compounds were
included in the modeling stage during the creation of AOPWIN
software. The ones marked with asterisk in Table S1 were added
later. So we can consider these compounds as true predictions
within AOPWIN software. In order to check if this difference
signiﬁcantly inﬂuences the results of model comparison we have
used the same data set as in AOPWIN as modeling set and the
remaining compounds as prediction set. The results are shown in
Table 3.
The estimation of modeling capabilities calculated from the
retrieved data shows similar results as when thewhole data set was
taken into consideration. Again the variable distance connectivity
model shows superior modeling capabilities using MAE and RMS
error as quality parameters. The corresponding parameters are
around 50 and 60% lower compared to AOPWIN software. If the
relative error is taken into consideration, the later model shows 20
and 30% lower values for MAPE and rRMS error, respectively.
However, the largest difference can be observed when the predic-
tion data set is evaluated. All four quality criteria are from 60 up to
70% lower in case of our variable connectivity model. Therefore the
above mentioned comparison shows in most cases better calcula-
tion and prediction results compared to EPA model. Similar results
were also found compared to models made by Li et al. and Wang
et al. (Li et al., 2014; Wang et al., 2009). However, we would like to
stress that all three models were developed on a much larger
application domain, which is more difﬁcult to optimize. So the
current study shows very promising results but will have to be
reconﬁrmed in the future on a larger application domain.
It was already described several times (Pompe and Randic, 2016;
Pompe et al., 2004; Scavnicar et al., 2013) that the true power of
variable connectivity indices in QSPR modeling is not just the
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pretation. The analysis of optimized weights gives us at least
qualitative information about the structural features in the mole-
cule that are governing the modeled property. The optimized
values of selected variables are listed in Table 4. Please note that the
upper limit was set to 1.0  108.
A structural interpretation of optimized weights is a compli-
cated since in order to obtain signiﬁcant model and not to inﬂate
the number of weights, the weights represent at the same time
reactivity of the particular reaction site and inﬂuence to the
neighboring atoms as well. Nevertheless, at least some qualitative
structural remarks can be obtained.
In variable zero order distance connectivity index proximity of
optimal weights towards lower limit represents the importance of
selected atoms for modeling property. Since linear regression of the
obtained model has positive sign, a higher value of the developed
index represents a higher reaction rate. The inﬂuences of individual
atoms are presented in the denominator, so one can obtain higher
value of the index if diagonal weights are close to minimal value
and therefore the denominator is reduced. According to above
described rules we can see that not only addition of hydroxyl
radical to the double bond is the important reaction pathway, but
hydrogen abstraction especially at the allylic carbon plays an
important role as well. Still the addition to the double bond is
identiﬁed as dominant reaction pathway.
By analyzing the weights representing sp2 hybridized carbons
one can see that addition to the double bond depends on the sta-
bilization type of the resulting hydroxyl-adduct radical, since the
tertiary carbon is identiﬁed as more important than secondary and
primary. Similar results were also found by Peeters et al. (Peeters
et al., 2007). They built a site-speciﬁc SAR model on assumption
that site-speciﬁc rate constant for addition is determined solely by
the stability of the hydroxyl-adduct radical. Site-speciﬁc SAR pre-
dictions were within 15% of the direct measurements. Further,
allylic site is more reactive than any other sp3 carbon type,
including tertiary carbon. We can identify the same trend of reac-
tivity in sp3 carbon atoms where reactivity drops from tertiary to
primary atom. Note that weights for primary and quaternary sp3
carbons optimize close to the upper limit but they do however
differ slightly with values 9.9999497  107 and 9.9999783  107,
respectively. This is also in agreement with previous studies and is
again related to the stability of the formed radical (Kwok and
Atkinson, 1995; McGillen et al., 2007; Vereecken and Peeters,
2001).
In order to quantify these inﬂuences wewould have to calculate
partial reaction rates for each reaction site. The problem of direct
calculation of partial reaction rates from partial index, that is, row
sums for individual reaction site, lies in the intercept term of the
applied linear correlation. The intercept coefﬁcient prevents that
atom additivity of the developed index would be transferred in the
reaction rate additivity and therefore prevents accurate calculationTable 4
Optimized values of selected variables. 30,000 cycles was performed. All weights
were searched in connectivity region and simple graph was used.
No. Atom symbol Description Lower limit Optimized value
1 C Primary sp3 carbon 1 1.000  108
2 S Secondary sp3 carbon 2 9.454  101
3 T Tertiary sp3 carbon 3 5.349  101
4 Q Quaternary sp3 carbon 4 1.000  108
5 DP Primary sp2 carbon 1 8.911
6 DS Secondary sp2 carbon 2 1.629
7 DT Tertiary sp2 carbon 3 2.822
8 A Allylic carbon 1 5.160  103of partial reaction rates since these rates can be for a constant term
higher or lower than true values. However, if this is true the
calculated partial reaction rates should still show the same trend as
true values. In order to check this assumption we have compared
the estimation of double bond reactivity by calculating partial
variable connectivity indices for sp2 hybridized carbons with actual
reactivity obtained from AOPWIN software. The comparison is
shown in Fig. 4 and the data used is listed in Table S2 in Supple-
mentary material.
There is a very good correlation between AOPWIN partial re-
action rates representing addition and recently developed partial
variable distance connectivity indices representing the same reac-
tion mechanism. Slightly different relationship was found in case if
single double bond is present in the molecule or two double bonds
are present. The slope of the straight line was approximately the
same, the difference was observed in the intercept. The possible
reason for that could be an overestimation of allylic reactivity that
contributes more to the overall reactivity when more double bonds
are present in the molecule. The possible overestimation of allylic
reactivity is a remaining challenge for future model development.5. Conclusion
In this work we have evaluated a new zero order variable con-
nectivity index by developing a novel QSAR for the modeling of
reaction rates of OH radical with alkanes and non-conjugated al-
kenes in the atmosphere. Developed model is able to distinguish
between different reaction pathways (addition vs. abstraction)
occurring on different reaction sites. There were three basic as-
sumptions on which this model was built:1. the sum of all partial
reaction rates equals the overall reaction rate; 2. all reaction sites
inside a molecule are interrelated; 3. site speciﬁcity of reaction
rates is to some degree dependent on the type of radical that is
formed in the transition state. These assumptions seem to be well
justiﬁed as the derived model showed very good prediction capa-
bilities. Moreover, from the optimized values of selected weights it
was possible to get some qualitative insight into structural features
that are governing the OH reaction rates. Optimizedweights indeed
suggest that the degree of substitution around the forming radical
is important, i.e. a more substituted product radical should yield
faster reaction. Besides direct stabilization from neighboring car-
bons, resonance stabilization on allylic site was shown to have even
greater effect on reaction rate. Nevertheless, addition is still more
dominant pathway than the abstraction. Linear correlation be-
tween partial distance connectivity indices and partial reaction
rates obtained from AOPWIN software for only addition reactionFig. 4. Comparison between MACI and AOPWIN prediction of addition pathway only.
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relevant. Nevertheless, it must be stressed that this is an initial
study using described structural description and therefore only
very simpliﬁed data set of organic compounds was used. Another
reason for this simpliﬁcation was study of various reaction path-
ways where we tried to avoid any additional inﬂuence like ring
strain (small cyclic compounds) or additional stability of conju-
gated alkenes etc. The next step in modeling of reaction rates of OH
radical with VOCs will be to extend the application domain by
including also other organic compounds relevant for the atmo-
spheric chemistry into the modeling set.
Note that all calculations were done by the novel softwareMACI,
which was developed in our lab and is available for research pur-
poses on request. This program incorporates various variable con-
nectivity indices for development of QSARmodels which have been
shown to be promising, especially in regard to structural inter-
pretation. MACI software also allows different types of model
validation.
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